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INTRODUCTION
Neutron-sensitive radiation detectors are used in the Portsmouth Gaseous DifEbsion Plant's (PORTS) criticality accident alarm system (CAAS). The CAAS is composed of numerous detectors, electronics, and logic units. It uses a telemetry system to sound building evacuation horns and to provide remote alarm status in a central control facility.
The ANSI Standard for a CAAS [Am861 uses a free-in-air dose rate to define the detection criteria for a minimum accident-of-concern. Previously, the free-in-air absorbed dose rate from neutrons [He931 was used for determining the areal coverage of criticality detection within PORTS buildings handling fissile materials. However, the free-in-air dose rate does not accurately reflect the response of the neutron detectors in use at PORTS.
Because the cost of placing additional CAAS detectors in areas of questionable coverage (based on a fi-ee-in-air absorbed dose rate) is high, the actual response finction for the CAAS neutron detectors was determined. This report, which is organized into three major sections, discusses how the actual response hnction for the PORTS CAAS neutron detectors was determined. The CAAS neutron detectors are described in Section 2. The model of the detector system developed to facilitate calculation of the response function is discussed in Section 3. The results of the calculations, including confirmatory measurements with neutron sources, are given in Section 4. ' Possible causes of this yellowing might be repeated exposure to eiivironments of elevated temperatures for extended time periods or repeated exposure to intense radiation sources during calibration. In normal usage, three CAAS detectors are enclosed in a steel box. This group of three detectors in the box is called a CAAS cluster. In addition to the detectors, the cluster also contains electronics associated with shaping, counting, and logically evaluating the pulses from the photomultiplier, and batteries to provide backup power. The cluster box is about 25.5 inches (65 cm) long, 24.5 inches (62 cm) high, and 12 inches (3 1 cm) wide. The entire unit weighs about 90 pounds (40 kg). When the door to the box is open, as shown in Figure 4 , the three detectors are easily seen. The batteries that supply backup power are located above the detectors.
DESCRIPTION OF THE DETECTOR
On the door, in front of the detectors, is most of the electronic hardware used in the pulse shaping, counting, and logic for determining trouble or alarm status. A schematic view of the back of the cluster is shown in The alarm set-point is checked and, if necessary, adjusted during periodic calibration of each CAAS cluster. During the calibration procedure, the cluster is exposed to a CfS2 neutron source at a fixed distance. The CAAS detectors are calibrated to alarm at or slightly below a count rate of 60,000 counts per minute [Ca96] . A detector response unit (DRU) is equivalent to a CAAS detector count rate of 60,000 counts per minute. A calculated detector response greater than or equal to 1 DRU indicates that the CAAS is expected to alarm.
ANALYSIS
The Monte Carlo N-Particle (MCNP) code [Br93] was used to perform the radiation transport analysis of the detectors. The MCNP uses the Monte Carlo method to track particle histories, thereby simulating the behavior of these neutrons in scattering and absorbing media.
For individual histories, the likelihood of scattering or absorption is based on physical laws and parameters derived from theory and empirical data. The Monte Carlo simulation uses statistical methods to calculate the results. For this analysis, results correspond to detector response.
Complex three-dimensional models of physical objects were created with the MCNP by representing the surfaces of objects using surface equation parameters. The surfaces were combined using Boolean logic to describe volumetric regions. Each region was assigned element or mixture properties and respective densities. From these material descriptions, macroscopic cross sections were calculated by the MCNP for each region. Point-wise cross sections, derived from evaluated nuclear data files (ENDF/B-V) and supplied with the MCNP,
. Thus, the CAAS scintillator crystal, detector, and cluster unit were precisely described .
The model of the detector geometry used in the MCNP is shown in Figure 6 . This cutaway view of the detector was created with the SABRINA code [Vag31 to show the polyethylene moderator, the scintillator crystal, and other detector components. The lines leading into the polyethylene moderator represent neutron "tracks." The scattered neutron tracks are clearly distinguishable in the polyethylene. This small number of tracks (several hundred) was produced to illustrate the geometry model and the history tracking used in the MCNP. In the actual evaluation, several million histories are tracked. The count rate of the detector is proportional to the rate at which neutrons are absorbed by the Li' in the scintillator crystal. This count rate is the parameter used in the MCNP calculational results.
The scintillator crystal with nine concentric grooves was explicitly included in the geometry model. First, the response function of a single detector was calculated. Then, the model of a CAAS cluster unit was developed. The steel box was modeled with height, width, and depth of 61.0, 61.2, and 25.4 centimeters, respectively. The steel box was assumed to be iron with a density of 7.92 grams per cubic centimeter. Although the actual thickness of the box is less than 1 .O cm, the thickness was modeled as 1 .O cm. The relative transparency of steel to higher energy neutrons makes this difference relatively unimportant.
Three detectors and objects representing a battery box and the electronics were included within the cluster unit. The three detectors were spaced 18.5 centimeters center-to-center. The far right detector, as viewed fiom the rear of the cluster, is designated the first detector and is 1 1.2 centimeters fiom the right most inner surface of the steel box.
The three batteries were modeled as a single unit having a height, width, and depth of 21 .O, 54.0, and 18.4 centimeters, respectively. The battery unit is positioned above the detectors in the back upper right corner of the steel box, as viewed from the rear of the unit. The battery unit was assumed to have a density of 1.34 grams per cubic centimeter and was represented by a water and lead mixture. The weight fractions for the elements hydrogen, oxygen, and lead were 0.08, 0.54, and 0.28 centimeters, respectively.
Lastly, the electronics were modeled as being a rectangular box of copper with a density of 2.24 grams per cubic centimeter. The height, width, and depth of the electronics were 3, 33, and 53 centimeters, respectively. The electronics were located in the front of the detectors, flush with the inner steel surface. The bottom of the electronics parallelpiped corresponded to the bottom of the inside of the steel box. The electronics were centered within the steel box.
The CAAS detector response fbnction was determined by calculating the number of Li6 reactions occumng within the scintillator volume of a single detector from a monoenenergetic neutron source using a track length tally estimator. This calculation was performed for monoenergetic neutron sources of energy ranging from 1 x 1 O'9 MeV to 20 MeV. The number of detector counts is directly proportional to the number of Li6(n,a)H3 reactions occumng within the crystal. The proportionality constant, or calibration factor, was determined experimentally with a C f 52 neutron source. The MCNP calculation for the determination of the calibration factor and confirmatory measurement used a geometric model of the CAAS cluster.
A supplemental analysis was performed to examine the effect of changing the thickness of the cylindrical polyethylene moderator surrounding each detector. The cylindrical wall thickness was varied from 0 to 2 inches (0 to 5 cm), at which point the moderator for the three detectors would touch. In this analysis, the CAAS detectors' responses to a spherical shell source, centered around the scintillation crystal of the center detector was calculated. The response to three neutron source spectra, C f 52 [C090] , the Godiva critical assembly leakage spectrum [Co78], and the SHEBA critical assembly neutron spectrum measured at 69 meters [Fi83], was calculated.
RESULTS
The response fbnction of the CAAS detector for neutron energies between lxlO-' and 20 MeV is shown graphically in Figure 7 and in tabular form in Table 2 . The response hnctions for both the 6-ring and 9-ring scintillator crystals are given. Their responses show little difference. Subsequent analyses were performed using the detector with the 9-ring scintillator crystal only.
The shape of the response function is primarily affected by two factors, the Li6(n,a)H3 reaction cross-section and the polyethylene moderator surrounding the detector. The polyethylene is thick enough to prevent most thermal neutrons from entering the crystal. The Li6(n,a)H3 reaction cross-section is relatively small at high neutron energies. The response fbnction was experimentally confirmed using Pu-Li and Pu-Be neutron sources. A CP52 [C090] source was used to determine the ratio of predicted Li6(n,a)H3 reactions to physical detector counts, and a calibration factor of 1.47 was obtained. The results of the confirmatory measurements and the respective values calculated with the MCNF are given in from the Pu-Be had a large range. However, the measured value was within this range.
The azimuthal angular dependency of the cluster was determined through calculations and confirmed by measurement. A Pu-Be neutron source, at 1 meter, was placed at various azimuthal angles relative to a CAAS cluster, as shown in Figure 8 . The results of the calculation and measurement are given in Figure 9 and Table 4 
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The response of the CAAS to various neutron sources as a fbnction of polyethylene moderator thickness is shown in Figure 10 . The detectors have a I-inch thick polyethlyene moderator. The most probable neutron spectrum in a criticality accident is the SHEBA spectrum.
For this spectrum, the detector response was at a maximum with a moderator thickness of 1.5
inches. However, the maximum response was only about 10 percent greater than expected with a 1 -inch moderator. 
